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ABSTRACT:

Background & Aims: Primary (idiopathic) bile acid malabsorption (BAM) is a common chronic
diarrheal syndrome which is under-recognized as diagnosis is difficult without selenium homocholic
acid taurine (SeHCAT) testing. Diarrhea results from excess colonic bile acids producing secretion,
but the pathogenesis is unclear. Fibroblast growth factor 19 (FGF19), produced in the ileum in
response to bile acid absorption, has been shown to regulate hepatic bile acid synthesis. We
hypothesized FGF19 could be involved in bile acid diarrhea and measured this in patients with
BAM.

Patients and Methods: Blood was collected from fasting patients with chronic diarrhea

where BAM was diagnosed by SeHCAT. Serum FGF19 levels were measured by ELISAs. Serum
7a-hydroxy-4-cholesten-3-one (C4) levels were determined using HPLC, to quantify bile acid
synthesis. Data were compared between patients and subjects without diarrhea (controls). Repeated
samples were taken after meals from several subjects.

Results: The median C4 level was significantly higher patients with primary BAM than controls (51
vs 18 ng/ml; p<0.0001); the median FGF19 level was significantly lower in patients with BAM (120
vs 231 pg/ml; p<0.0005). There was a significant inverse relationship between FGF19 and C4 levels
(p<0.0004). Low levels of FGF19 were also found in patients with post-cholecystectomy and
secondary bile acid diarrhea. Abnormal patterns of FGF19 levels were observed throughout the day
in some patients with primary BAM.

Conclusions: Patients with BAM have reduced serum levels of FGF19; this finding might be useful
in diagnosis. We propose a mechanism whereby impaired FGF19 feedback inhibition causes
excessive bile acid synthesis that exceeds the normal capacity for ileal reabsorption, producing bile
acid diarrhea.
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INTRODUCTION

Chronic watery diarrhea can be produced by the stimulation of water secretion in the
colon by high concentrations of bile acids. This condition is called bile acid malabsorption
(BAM), and responds to treatment with bile acid sequestrants such as cholestyramine,
colestipol or colesevelam. '3

Bile acids are usually reabsorbed efficiently in the terminal ileum, and undergo an
enterohepatic circulation where they are resecreted by the liver. Although the total bile acid
pool is quite variable, the mean value has been measured at about 5 mmol (2g) in a 70kg man,
with total hepatic secretion up to 30mmol (12g) in 24h. This indicates the importance of
absorption and resecretion, with recycling estimated to average 4 to 6 times a day, depending
in part on diet *. Surgical resection of the terminal ileum, or inflammation as in Crohn’s
disease is well-recognized as producing the condition known as secondary bile acid
malabsorption (or type 1 BAM), with clear impairment of reabsorption, and bile acid diarrhea.

Bile acid malabsorption can be diagnosed relatively easily by the SeHCAT (selenium
homocholic acid taurine) test, where a 7-day retention of >°SeHCAT of less than 10-15% is
abnormal. > ® This test is available in most European countries but is unavailable in the USA
which has hindered the recognition of the importance of this condition. Radiolabelled
glycocholate has been used previously to diagnose this condition. Ideally, measurement of
fecal bile acid output is needed, although this is not readily available outside of clinical
investigation units and is inconvenient for patients. When bile acids are lost, a compensatory
increase in activity of hepatic cholesterol 7a hydroxylase (CYP7A1) produces increased bile acid
synthesis (chenodeoxycholic and cholic acid). The increase in the serum levels of the bile acid
precursor, 7a-hydroxy-4-cholesten-3-one (C4), can be measured to diagnose bile acid
malabsorption. ’

Primary, or idiopathic, bile acid malabsorption (primary BAM) is the condition where there
is chronic diarrhea, low SeHCAT retention, raised C4 and a response to bile acid sequestrants,

9

but where there is no resection or obvious disease of the ileum & °. This condition, also known
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as type 2 BAM, is detected by the SeHCAT test, and where this is performed, has been found to
be relatively prevalent. Many reports, mostly from Europe, indicate primary BAM can account
for around 30% of patients with chronic diarrhea, who might otherwise be diagnosed as having
diarrhea-predominant irritable bowel syndrome (IBS)*°*°. Bile acid malabsorption can also be
found in various other gastro-intestinal conditions (type 3), including post-cholecystectomy
where the cause is presumed to be related to intestinal absorption not being able to
compensate for the disordered temporal pattern of bile secretion °.

Surprisingly, the available evidence suggests that there is no defect in ileal bile acid
transport in the majority of patients with primary BAM. Although a mutation in the gene coding
for apical sodium-dependent bile acid transporter (ASBT) was shown in one family ’, this is not
present in most patients '8, Normal uptake of bile acids into ileal brush-border membranes *°
and into intact mucosal biopsies has been shown in primary BAM ?°, and we have recently
found no significant difference in ileal expression levels of transcripts for the transport proteins,
including ASBT, the cytoplasmic ileal bile acid binding protein and the basolateral organic solute
transporters %,

These findings suggest other mechanisms may be responsible for primary BAM. More
rapid small bowel transit, or a reduced length of small intestine able to transport bile acids

have been suggested 2

. Disorders in the regulation of the enterohepatic circulation could
also be causative, and studying this represents a new approach to the pathophysiology of this
disorder.

Ileal enterocytes synthesize Fibroblast Growth Factor 19 (FGF19) in humans 2! and the
circulating protein has been demonstrated to have a diurnal variation related to bile acid
synthesis 2. The orthologue of human FGF19 in mice is FGF15. This has been shown to inhibit
bile acid synthesis in the liver, acting through the FGFR4 receptor ?*. FGF15 knock-out mice

have a condition which resembles primary BAM, with increased levels of hepatic synthesis and

faecal bile acid secretion.
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We hypothesize that the clinical picture of primary BAM could result from disordered
signaling by FGF19. We have measured serum levels of FGF19 in patients with bile acid

malabsorption and in controls, and related this to bile acid synthesis.
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METHODS

Subjects

Patients with chronic diarrhea were identified in Gastroenterology out-patient clinics and
gave informed consent. The study was approved by the local Institutional Review Board, the
Hammersmith, Queen Charlotte's & Chelsea Hospitals Research Ethics Committee. All 17
patients had troublesome watery diarrhea with more than three stools per day for more than
three months. Other causes of diarrhea including Crohn’s disease, coeliac disease, lactose
intolerance and short bowel syndrome had been excluded. SeHCAT testing was performed in
13 patients: all had less than 8% retention at 7 days. All patients had at least a partial
response to bile acid sequestrants. Five patients with diarrhea had undergone cholecystectomy
which had aggravated their symptoms; 4 of these had undergone SeHCAT tests, which were all
abnormal. Fasting blood was collected, and the serum separated and stored frozen at -20 °C
prior to assay. Bile acid sequestrants were discontinued at least 24 h before the blood samples
were obtained.

Control subjects were recruited from patients without diarrhea or liver disease, and from
healthy staff. No control had a bowel frequency greater than twice daily. Additionally, fasting
blood samples were obtained from a separate comparison group of patients with diarrhea and
bile acid malabsorption secondary to ileal resection. The control group and the group with ileal
resection did not undergo SeHCAT testing.

Six patients (5 Females, 1 Male), with SeHCAT results ranging from 0-5%, had repeated
blood samples taken every 90 minutes throughout the day to see whether there were any
changes in the diurnal patterns of C4 and FGF19 secretion. The first sample was taken after an
overnight fast at 9.00 am and was followed by breakfast. Lunch was eaten after the third
sample (12 noon). No bile acid sequestrants were taken during the previous 24 hours.
Laboratory assays

Serum levels of FGF19 were measured by ELISA (FGF19 Quantikine ELISA kit, Cat. No.

DF1900; R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s protocols.
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Serum 7a-hydroxy-4-cholesten-3-one (C4) was determined using HPLC following solid phase
extraction (SPE) as previously described 7. Total serum bile acids were measured by an
enzymatic colorimetric method using 3-alpha hydroxysteroid dehydrogenase (ref. 6K9001;
Sentinel Diagnostics, Milan, Italy).
Statistics

Statistical analyses were performed with Winstat for Excel, using non-parametric testing.

Mann-Whitney U-tests and Spearman rank correlation tests were used as appropriate.
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RESULTS

The details of the patient group and the controls are shown in Table 1. As expected,
there was a highly significant difference in bowel frequency. Fasting serum C4 values were
significantly higher in the patient group than in controls (median 51 vs. 18 ng/ml; p < 0.0001,
Mann-Whitney U-test) (Fig. 1a).

FGF19 was detected in the serum of all the patients and controls, with fasting values
ranging from 16 to 655 pg/ml. Fasting serum FGF19 values were significantly lower (p =
0.0005) in the patients (median 120 pg/ml, range 16-364) than in controls (231 pg/ml, 74-
655 pg/ml) (Fig. 1b). Overall, FGF19 and C4 were inversely related (r = -0.54; p <0.0004,
Spearman rank) (Fig. 2). Within the groups, the inverse relationship was found in patients
(r=-0.53, p=0.01) but was not significant in controls (r=0.06). The product of C4 and FGF19
was significantly higher (an increase of 75% in the median) in the patient group than in the
controls (p<0.05) implying a different homeostatic equilibrium. FGF19 levels were not related
to previous use of bile acid sequestrants.

We also analyzed the findings in the subgroup of 13 patients who had undergone SeHCAT
testing (Table 2). The FGF19 median was lower than in the overall group, and range of values
was smaller. We further subdivided this group according to whether they had undergone a
cholecystectomy, and both groups had significantly lower FGF19 median values than controls.
The subgroup with a low SeHCAT test, and who had not undergone a cholecystectomy (that is
those fitting the definition of type 2 BAM), all had fasting FGF19 values below 146 pg/ml. Only
2 of the 19 controls were below this value (74 and 140 pg/ml). The median value in this
subgroup with primary BAM was highly significantly lower than the control group (p=0.0001).

For comparison we also studied 5 patients who had diarrhea due to bile acid
malabsorption secondary to previous ileal surgery (type 1 BAM). As shown in Table 2, these
also had significantly raised C4 and low FGF19 values, with very low values (<10pg/ml) in

some patients with extensive resection.
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Serum total bile acids (Table 2) were not significantly different between the overall
patient and control groups, although the median in patients with abnormal SeHCAT and no
cholecystectomy was higher. In the group with secondary bile acid malabsorption, the median
bile acid value was lower, but neither difference reached significance.

The changes in FGF19 and C4 throughout the day produced variable patterns (Fig. 3). In
some patients, a pattern resembling that reported in normal subjects was found, with a rise in
FGF19 occurring after lunch 23. Two subjects had no changes in FGF19 throughout the day,
which is a fasting pattern, despite taking breakfast and lunch and having an elevation in bile

acids (not shown).
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DISCUSSION

This is the first study to our knowledge where serum FGF19 has been investigated in
patients with bile acid malabsorption. We found reduced levels of FGF19 in patients, associated
with increased C4, indicating increased bile acid synthesis. These changes were present in the
patients irrespective of whether their symptoms were associated with previous bowel resection
or cholecystectomy, or whether they appeared to have primary BAM.

In our patients with primary BAM, serum bile acids were higher than in controls; although
this did not reach significance, it led us to consider whether an increase in bile acid production
could be a potential cause of this condition. Review of the literature showed that there is no
simple relationship between serum bile acid levels, bile acid pool size, bile acid secretion and
bile acid biosynthesis rate, but when the bile acid pool was calculated in patients similar to ours
by Van Tilburg et al. in 1992 #, a significant increase of about 90% was found with a mean of
7.0 mmol vs. 3.7 in controls. Considering the recent work that has failed to show any defect of
bile acid uptake into ileal mucosal biopsies 2°, this would indicate an alternative mechanism
whereby defective negative feedback regulation of bile acid synthesis by FGF19 could be the
central feature that produces this syndrome.

FGF15 is orthologous in mice with FGF19 in humans, and was identified as an
enterohepatic signal produced by the ileum which was critical to the regulation of bile acid
homeostasis %*. Previously, in studies of agonists of the bile acid receptor FXR, FGF19 was
shown to be markedly stimulated ?°. Mice where FGF15, or its receptor, FGFR4, have been
deleted, have watery diarrhea resembling that associated with primary BAM ?. FGF15 was
shown to reduce the diarrhea in Asbt-null mice ?®. Additionally FGF15 has roles in gall bladder
relaxation 2°. Studies in man which relate FGF19 to bile acid synthesis have shown evidence of
diurnal changes, an increase in FGF19 with supplemental bile acids, and a reduction with
sequestrants .

According to the model we are proposing (Fig. 4), reduced FGF19 synthesis from the

ileum would result in an impaired feedback inhibition of CYP7A1 in the liver, and consequently
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an increase in bile acid synthesis. This would be reflected in the raised C4 levels. Excess bile
acids produced by the liver and secreted into the small intestine would exceed the capacity for
reabsorption in the otherwise normal ileum, and so an increased amount of bile acids will enter
the colon and produce diarrhea. SeHCAT retention would be reduced by the excess bile acid
production, the larger bile acid pool, and greater faecal losses.

Disordered negative feedback has many parallels in other endocrine systems when
homeostatic levels are reset. For instance, in type 1 diabetes, failure to produce sufficient
insulin in response to glucose results in high glucose levels. Potentially, a parallel situation
could be occurring in the two patients who failed to elevate their FGF19 levels during the day
despite eating. In type 2 diabetes, disordered receptor sensitivity and signaling gives higher
glucose levels than expected for insulin values, and the homeostasis model assessment of
insulin resistance (HOMA-IR) has gained wide acceptance *°. A similar situation could exist in
some of our patients where the median product of FGF19 and C4 is significantly higher than in
normals indicating an impaired hepatic response to the negative feedback from FGF19.
Parathyroid hormone secretion regulating calcium homeostasis, the hypothalamic-pituitary-
adrenal axis response to stress 3!, and thyroid hormone secretion are other examples of
negative feedback endocrine systems that can be reset to maintain homeostasis.

Another clue to the relevance of FGF19 in primary BAM comes from earlier data that
showed that FGF19 increases metabolic rate and reverses diabetes in a mouse model 2.
Deficient FGF19 results in a lower metabolic rate, and being overweight has been shown to be
a highly significant association in primary BAM where the median BMIs in both men and women
were about 15% higher 2.

The mechanism of the impairment in FGF19 function will need further work. Although it
is clear that bile acids binding to FXR have major effects on FGF15 %, the details of the
transcriptional control of FGF15 or FGF19 (and other FXR sensitive genes such as OSTa and

IBABP) in the ileum need to be clarified, together with the mechanisms responsible for
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secretion of the protein. Variation in the responses of different FXR-sensitive genes in the
ileum, as we have proposed %!, could be the mechanism underlying primary BAM.

Proof of the validity of this new hypothesis for the cause of primary BAM would require
measurement of bile acid biosynthesis before and after FGF-19 administration, with
amelioration of diarrhea corresponding to decreased bile acid biosynthesis. Measurement of
bile acid output in the feces, will strengthen this further.

Confirmation of our clinical findings with FGF19 will also lead to the development of tests
based on its diagnostic potential for primary BAM. We have found that it may be possible to
define a fasting level of FGF19 that will discriminate between patients and most controls: a
value of 146 pg/ml gives a specificity of 89%, with an overall sensitivity greater than 75%, and
above 90% for patients with abnormal SeHCAT tests. These are similar to the values obtained
for C4. Larger numbers in a prospective study of all patients with chronic diarrhea will refine
these figures, and post-prandial values or a stimulation test may eventually prove more
reliable. As the current diagnostic tests measuring C4 or SeHCAT retention both have
significant problems including cost and the lack of availability in many countries such as the
USA, a test based on FGF19 will have significant advantages.

There may also be a therapeutic role for FGF19, or agents that increase its production or
act on its receptor, in the treatment of bile acid-induced diarrhea. Such agonists will reduce
bile acid synthesis and may be more effective and acceptable than current treatments.

In summary, we have shown that a disorder of FGF19 production by the ileum can be
found in patients with the condition erroneously called primary bile acid "malabsorption”.
Review of the existing evidence suggests that in most patients, there is no defect in bile acid
absorption; however a failure to reduce bile acid secretion by negative feedback from FGF19

may occur, resulting in excess bile acids entering the colon, so causing bile acid diarrhea.
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Table 1: Details of Patients and Controls

Patients Controls P

n 17 19 —
M : F ratio 7 :10 11: 8 —
Age (years)

Mean + SEM 48.1 +2.9 47.4 + 4.6 NS
Bowels /24h

Range 3-10 1-2

Median 5 1.51 <0.0001
Previous cholecystectomy 5 0
SeHCAT (Mean + SEM) 3.5+0.7 — —

(% retention at day 7, n=13)
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Table 2: Serum FGF19, 7a-hydroxy-4-cholesten-3-one (C4) and total bile acids:
Comparison between controls and different groups of patients with bile acid

malabsorption

Patient Group n FGF19 C4 Total BA
(pg/ml) (ng/ml) (umol/I)

Control group 19 231 18 1.9
Overall diarrhea group 17 120 ° 51°¢ 1.9
With low SeHCAT 13 118 ¢ 51° 1.9
Cholecystectomy 4 128 @ 50° 1.5

No cholecystectomy 9 104 © 65 °© 2.3

Ileal resection group 5 8P 351°¢ 1.0

Median values are shown for the groups and sub-groups. Significant differences from the
control group are shown: 2p < 0.05,° p < 0.005, ¢ p < 0.001 (Mann-Whitney U-test).
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FIGURE LEGENDS:

Figure 1.

Fasting serum values in patients and controls of (A) 7a-hydroxy-4-cholesten-3-one (C4) and
(B) Fibroblast Growth Factor 19 (FGF19). Individual values and box and whisker plots with
medians, quartiles (boxes) and 5 and 95 percentiles (lines) are shown. In the patient group,
solid circles indicate patients who had low SeHCAT tests and open circles those without SeHCAT
tests.

Figure 2.

Inverse relationship of fasting values of serum Fibroblast Growth Factor 19 (FGF19) and 7a-
hydroxy-4-cholesten-3-one (C4) in patients (solid circles) and controls (open circles).

Figure 3.

Changes during the day in six patients in serum values of (A) 7a-hydroxy-4-cholesten-3-one
(C4) and (B) Fibroblast Growth Factor 19 (FGF19). Three patients had undergone
cholecystectomy (open symbols) and three had not (solid symbols). Two patients (shown by
the solid square and the solid triangle symbols) had no increase in FGF19 during the day. The
arrows show where breakfast and lunch was eaten after taking the 9:00 and 12:00 samples.
Figure 4.

Changes in the enterohepatic circulation of bile acids that are proposed to cause primary bile
acid malabsorption diarrhea. (A) Normal (B) primary BAM. The width of the lines and arrows
indicate the amounts of FGF19 (black), stool (dark grey) or BA (mid-grey). Synthesis of bile
acids occurs in the liver from cholesterol (Chol) by the action of CYP7A1, forming C4 and then
BA. Secretion of BA into the intestine is shown schematically, and the dotted line inset
demonstrates absorption in the ileum, where BA act on FXR to stimulate FGF19 production.
FGF19 enters the portal venous circulation and inhibits CYP7A1 action. In (B), less FGF19 is
produced in the ileum, so CYP7A1 action is greater, producing more BA. Normal BA absorption
occurs in the ileum, but more BA are left unabsorbed and enter the colon, where increased

secretion occurs, causing increased stool volume.



Walters et al. Page 16

REFERENCES

1. Hofmann AF. The syndrome of ileal disease and the broken enterohepatic circulation:
cholerhetic enteropathy. Gastroenterology 1967;52:752-757.

2. Westergaard H. Bile Acid malabsorption. Curr Treat Options Gastroenterol 2007;10:28-33.
3. Fromm H, Malavolti M. Bile acid induced diarrhoea. Clin Gastroenterol 1986;15:567-82.

4. Brunner H, Northfield TC, Hofmann AF, Go VL, Summerskill WH. Gastric emptying and
secretion of bile acids, cholesterol, and pancreatic enzymes during digestion. Duodenal
perfusion studies in healthy subjects. Mayo Clin Proc 1974;49:851-860.

5. Merrick MV, Eastwood MA, Ford MJ. Is bile acid malabsorption underdiagnosed? An
evaluation of accuracy of diagnosis by measurement of SeHCAT retention. Br Med J (Clin
Res Ed) 1985;290:665-668.

6. Sciarretta G, Vicini G, Fagioli G, Verri A, Ginevra A, Malaguti P. Use of 23-selena-25-
homocholyltaurine to detect bile acid malabsorption in patients with ileal dysfunction or
diarrhea. Gastroenterology 1986;91:1-9.

7. Brydon WG, Nyhlin H, Eastwood MA, Merrick MV. Serum 7 alpha-hydroxy-4-cholesten-3-
one and selenohomocholyltaurine (SeHCAT) whole body retention in the assessment of
bile acid induced diarrhoea. Eur J Gastroenterol Hepatol 1996;8:117-123.

8. Thaysen EH, Pedersen L. Diarrhoea associated with idiopathic bile acid malabsorption.
Fact or fantasy? Dan Med Bull 1973;20:174-177.

9. Thaysen EH, Pedersen L. Idiopathic bile acid catharsis. Gut 1976;17:965-970.

10. Williams AJK, Merrick MV, Eastwood MA. Idiopathic bile acid malabsorption -- a review of
clinical presentation, diagnosis, and response to treatment. Gut 1991;32:1004-1006.

11. Sinha L, Liston R, Testa HJ, Moriarty KJ. Idiopathic bile acid malabsorption: qualitative
and quantitative clinical features and response to cholestyramine. Aliment Pharmacol Ther
1998;12:839-844.

12. Smith MJ, Cherian P, Ruju GS, Dawson BF, Mahon S, Bardhan KD. Bile acid malabsorption
in persistent diarrhoea. J R Coll Physicians Lond 2000;34:448-51.

13. Fernandez-Banares F, Esteve M, Salas A, Alsina M, Farre C, Gonzalez C, Buxeda M, Forne
M, Rosinach M, Espinos JC, Maria V]. Systematic evaluation of the causes of chronic
watery diarrhea with functional characteristics. Am J Gastroenterol 2007;102:2520-2528.

14. Wildt S, Rasmussen SN, Madsen JL, Rumessen JJ. Bile acid malabsorption in patients with
chronic diarrhoea: clinical value of SeHCAT test. Scand J Gastroenterol 2003;38:826-30.

15. Ung KA, Kilander AF, Lindgren A, Abrahamsson H. Impact of bile acid malabsorption on
steatorrhoea and symptoms in patients with chronic diarrhoea. Eur J Gastroenterol
Hepatol 2000;12:541-547.



Walters et al. Page 17

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Sauter GH, Moussavian AC, Meyer G, Steitz HO, Parhofer KG, Jungst D. Bowel habits and
bile acid malabsorption in the months after cholecystectomy. Am J Gastroenterol
2002;97:1732-1735.

Oelkers P, Kirby LC, Heubi JE, Dawson PA. Primary bile acid malabsorption caused by
mutations in the ileal sodium-dependent bile acid transporter gene (SLC10A2). ] Clin
Invest 1997;99:1880-1887.

Montagnani M, Love MW, Rdssel P, Dawson PA, Qvist P. Absence of dysfunctional ileal
sodium-bile acid cotransporter gene mutations in patients with adult-onset idiopathic bile
acid malabsorption. Scand J Gastroenterol 2001;36:1077-1080.

van Tilburg AJ, de Rooij FW, van den Berg JW, van BM. Primary bile acid diarrhoea
without an ileal carrier defect: quantification of active bile acid transport across the ileal
brush border membrane. Gut 1991;32:500-503.

Bajor A, Kilander A, Fae A, Galman C, Jonsson O, Ohman L, Rudling M, Sjovall H, Stotzer
PO, Ung KA. Normal or increased bile acid uptake in isolated mucosa from patients with
bile acid malabsorption. Eur J Gastroenterol Hepatol 2006;18:397-403.

Balesaria S, Pell R], Abbott L], Tasleem A, Chavele KM, Barley NF, Khair U, Simon A,
Moriarty KJ, Brydon WG, Walters JR. Exploring possible mechanisms for primary bile acid
malabsorption: evidence for different regulation of ileal bile acid transporter transcripts in
chronic diarrhoea. Eur J Gastroenterol Hepatol 2008;20:413-422.

Sadik R, Abrahamsson H, Ung K-A, Stotzer P-O. Accelerated regional bowel transit and
overweight shown in idiopathic bile acid malabsorption. Am J Gastroenterol 2004;99:711-
718.

Lundasen T, Galman C, Angelin B, Rudling M. Circulating intestinal fibroblast growth factor
19 has a pronounced diurnal variation and modulates hepatic bile acid synthesis in man. ]
Intern Med 2006;260:530-536.

Inagaki T, Choi M, Moschetta A, Peng L, Cummins CL, McDonald JG, Luo G, Jones SA,
Goodwin B, Richardson JA, Gerard RD, Repa 1], Mangelsdorf D], Kliewer SA. Fibroblast
growth factor 15 functions as an enterohepatic signal to regulate bile acid homeostasis.
Cell Metab 2005;2:217-225.

van Tilburg AJ, de Rooij FW, van den Berg JW, van BM. Primary bile acid malabsorption: a
pathophysiologic and clinical entity? Scand J Gastroenterol Suppl 1992;194:66-70.

Holt JA, Luo G, Billin AN, Bisi J, McNeill YY, Kozarsky KF, Donahee M, Wang DY, Mansfield
TA, Kliewer SA, Goodwin B, Jones SA. Definition of a novel growth factor-dependent signal
cascade for the suppression of bile acid biosynthesis. Genes Dev 2003;17:1581-1591.

Inagaki T, Moschetta A, Lee YK, Peng L, Zhao G, Downes M, Yu RT, Shelton IM,
Richardson JA, Repa 1], Mangelsdorf D], Kliewer SA. Regulation of antibacterial defense in
the small intestine by the nuclear bile acid receptor. Proc Natl Acad SciU S A
2006;103:3920-3925.

Jung D, Inagaki T, Gerard RD, Dawson PA, Kliewer SA, Mangelsdorf D], Moschetta A. FXR
agonists and FGF15 reduce fecal bile acid excretion in a mouse model of bile acid
malabsorption. J Lipid Res 2007;48:2693-2700.



Walters et al. Page 18

29. Choi M, Moschetta A, Bookout AL, Peng L, Umetani M, Holmstrom SR, Suino-Powell K, Xu
HE, Richardson JA, Gerard RD, Mangelsdorf DJ, Kliewer SA. Identification of a hormonal
basis for gallbladder filling. Nat Med 2006;12:1253-1255.

30. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. Diabetes Care
2004;27:1487-1495.

31. Peters A, Conrad M, Hubold C, Schweiger U, Fischer B, Fehm HL. The principle of
homeostasis in the hypothalamus-pituitary-adrenal system: new insight from positive
feedback. Am J Physiol Regul Integr Comp Physiol 2007;293:R83-R98.

32. Fu L, John LM, Adams SH, Yu XX, Tomlinson E, Renz M, Williams PM, Soriano R, Corpuz R,
Moffat B, Vandlen R, Simmons L, Foster ], Stephan JP, Tsai SP, Stewart TA. Fibroblast
growth factor 19 increases metabolic rate and reverses dietary and leptin-deficient
diabetes. Endocrinology 2004;145:2594-2603.



Figure 1

Serum C4 (ng/ml)

Figure 2

Serum C4 (ng/ml)

250

200

150

100

50

300

250

200

150

100

50

o @I

B
T 700
600
E 500

(=]

&

i ] @ 400
0
w300

i 7] £
2
£ 200

100
0
Patients Controls

D

i [

L .l

L ] [ ]
L ~ [ ]
%S ¢ * o
) %@, 0%, |, o,
0 100 200 300 400 500 600 700

Serum FGF-19 (pg/ml)

Patients Controls




Figure 3

250

200

150

100

Serum C4 (ng/ml)

50 |

0 L L 1 i I L

09:00 12:00

Time

Figure 4

Chal —J c4—pBA

YPTAT

FGF19

Serum FGF19 (pg/ml)

700
600
500
400
300
200
100

CYPTAT

FGF19

09:00 12:00 15:00
Time
Chol » c4‘ BA




